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Abstract

Background: Structural variants (SVs) constitute a large proportion of the genomic variation that results in pheno-
typic variation in plants. However, they are still a largely unexplored feature in most plant genomes. Here, we present
the whole-genome landscape of SVs between two model legume Medicago truncatula ecotypes—Jemalong A17 and
R108- that have been extensively used in various legume biology studies.

Results: To catalogue SVs, we first resolved the previously published R108 genome assembly (R108 v1.0) to chromo-
some-scale using 124 x Hi-C data, resulting in a high-quality genome assembly. The inter-chromosomal reciprocal
translocations between chromosomes 4 and 8 were confirmed by performing syntenic analysis between the two
genomes. Combined with the Hi-C data, it appears that these translocation events had a significant effect on chroma-
tin organization. Using both whole-genome and short-read alignments, we identified the genomic landscape of SVs
between the two genomes, some of which may account for several phenotypic differences, including their differ-
ential responses to aluminum toxicity and iron deficiency, and the development of different anthocyanin leaf mark-
ings. We also found extensive SVs within the nodule-specific cysteine-rich gene family which encodes antimicrobial
peptides essential for terminal bacteroid differentiation during nitrogen-fixing symbiosis.

Conclusions: Our results provide a near-complete R108 genome assembly and the first genomic landscape of SVs

obtained by comparing two M. truncatula ecotypes. This may provide valuable genomic resources for the functional
and molecular research of legume biology in the future.
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Background

DNA structural variants (SVs)>50 bp in length are a
major resource of genomic variation and often have pro-
found consequences on phenotypic variation. Despite
this, the impact of SVs, such as presence/absence variants
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(PAVs), insertions, deletions, translocations, and inver-
sions is an unexplored feature in many plant genomes
[1]. SVs benefit plant breeders, drug developers, and
other professions that regularly take advantage of natu-
ral variation in plant populations [2—5]. Although single
nucleotide polymorphisms (SNPs) capture some mean-
ingful genomic variations that contribute to phenotypic
differences, SVs account for more heritable nucleotide
variations than SNPs do [6, 7]. For example, SVs are
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three times more likely to be associated with a pheno-
type than SNP is in humans [7]. In addition, SVs have
been associated with human diseases, such as cancer
[8] and schizophrenia [9]. In plants, SVs are associated
with phenotypic variations such as fruit shape [10], leaf
size [11], and fruit color [1]. Therefore, studying SVs is
critical for understanding phenotypic diversity in plants
[12, 13]. A high-quality reference genome is needed to
identify such variations. With the development of high-
throughput sequencing technology, it is becoming much
easier and cheaper to assemble high-quality reference
genomes. Consequently, comprehensive SV catalogs are
beginning to appear for some animal and model plants
such as songbird [14], rhesus macaque [15], rice [16], and
maize [17]. On the other hand, SVs in most plant species,
including the model legume plant Medicago truncatula,
remain unexplored.

Medicago truncatula is a model for investigating vari-
ous aspects of legume biology, particularly on their
symbiotic relationships with rhizobia and arbuscular
mycorrhizae, organ development, their secondary metab-
olism, and their responses to biotic and abiotic stresses
[18-21] because of its short generation cycle, small
genome size, amenability to genetic transformation, and
self-fertility. Although M. truncatula has many diverse
ecotypes, two of them (ecotypes Jemalong A17 and R108,
hereafter A17 and R108, respectively) are mainly used for
functional genomic studies [22-24]. A17 was originally
isolated from Australia and used for a whole-genome
sequencing project [25, 26], whereas R108 was derived
from ecotype R108-1 through in vitro regeneration and
is often used for gene transformation [27]. R108 is phy-
logenetically distant from A17 [23], and some degree of
reproductive isolation exist between them, especially
when R108 serves as the female parent during crossing
[28]. Several of their phenotypic traits, including antho-
cyanin leaf markings, tolerance to drought and salt stress,
response to mineral toxicity, jasmonic acid/ethylene-
induced resistance and nitrogen fixation, are also consid-
erably different [18, 29-32]. However, the genomic basis
of these phenotypic differences between the two ecotypes
is understudied, partly due to lack of a chromosome-level
genome assembly for R108.

Some differences between the A17 and R108 genomes
have been identified. When there was no high-quality
R108 genome available, previous studies used the A17
genome as a reference for R108 gene mapping. Due to
their distant phylogenetic relationship and a large inter-
chromosomal rearrangement between chromosomes
4 and 8 [24, 33], these mapping analyses likely pro-
duced inaccurate syntenic alignments. A chromosome-
scale genome assembly for R108 was produced by Kaur
et al. [34] using 48 x Hi-C data based on the previously
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published scaffold-level genome assembly (R108 v1.0),
but they did not perform whole-genome comparisons to
identify SVs. Zhou et al. [35] constructed a pan-genome
by mapping 15 de novo M. truncatula assemblies to the
A17 Mt4.0 reference genome and explored different
types of SVs among them. Wang et al. [32] identified SVs,
indels, SNPs, and found that some SVs are associated
with the differential response of A17 and R108 to alu-
minum and sodium toxicity by mapping R108 resequenc-
ing data to an earlier version of the A17 genome assembly
(Mt3.5). Yet, information about the whole-genome land-
scape of SVs and their effects on chromatin organization
in A17 and R108 remain unknown [36, 37].

In this study, we first re-assembled a chromosome-
scale R108 genome using 124 x Hi-C data [34] and per-
formed genome annotation and evolutionary analyses on
this ecotype. We also generated 389 x Hi-C data for A17
to characterize and compare chromatin organization in
the euchromatic (compartment A) and heterochromatic
(compartment B) regions of the genome, respectively, in
the two ecotypes. Next, we performed whole-genome
alignment using our high-quality genome assemblies to
identify SVs. We compared these with results obtained
from short-read data. Finally, we investigated genomic
regions (sequences within or near known genes) associ-
ated with phenotypic differences between A17 and R108.

Results

An improved R108 genome assembly

To identify SVs between the genomes of the two M.
truncatula ecotypes (A17 and R108), we first used Hi-C
technology to increase the resolution of the published,
scaffold-level R108 v1.0 genome [33] to chromosomal
scale. By performing hierarchical clustering on~49 Gb
(~ 124 x coverage) of Hi-C data, it was determined that
approximately 393 Mb (97.8%) out of the total contig
length (402 Mb) were anchored to eight pseudochromo-
somes (Fig. S1, Tables S1 and S2). This is 3 Mb more than
the recently published MedtrR108_hic genome assembly
reported (Table S3) [34]. A total of 42,066 protein-cod-
ing genes were annotated based on a combination of de
novo, homology-based and transcriptome-based predic-
tions, and 97.5% of the total genes were found on chro-
mosomes (Table 1, Table S2). The distribution of gene
density and GC content along each chromosome were
uneven (Fig. 1). Benchmarking Universal Single-Copy
Orthologs (BUSCO) evaluation showed that the gene
set completeness of the R108 genome was comparable to
that of the A17 genome (Mt5.0), in that more than 98% of
all BUSCOs were successfully annotated (Table S4). Five
protein databases—InterPro, KEGG, NR, SwissProt, and
KOG-were used to evaluate our protein models. Over-
all, we assigned potential functions to 93.25% (39,225) of
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Table 1 Summary of R108 genome assembly and annotation
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Categories Type Length (bp) No % of genome
Assembly [33] Contigs 399,348,944 1,005 -
Contig N50 5,925,378 18 -
Non-coding miRNA 44,593 394 0.011
RNAs SNRNA 132,508 1,163 0033
rRNA 379,649 1,298 0.094
tRNA 87,387 1,162 0.022
Transposable elements DNA 49,303,718 - 12.26
LINE 22,617,452 - 562
SINE 4,771,852 - 1.19
LTR 75,958,551 18.89
RC 9,565,763 - 2.38
Satellite 3,054,872 - 0.76
Simple_Repeat 7,944,656 - 1.98
Unknown 42,481,132 - 10.56
Low_Complexity 3,896,467 - 0.97
Total 187,714,868 - 46.68
Gene Gene loci - 42,066
Average gene length (bp) 2451 - -
Average CDS length (bp) 1,070 - -
Average exon length (bp) 25240 - -
Average exons per gene - 4.24 -
Average intron length 426.58 - -

the protein-coding genes in the R108 genome (Table S5).
In addition, a total of 394 microRNAs (miRNA), 1,298
ribosomal RNAs, 1,163 small nuclear RNAs (snRNA) and
1,162 transfer RNAs (tRNA) were identified in the R108
genome (Table 1).

Annotation and comparison of the transposable elements
(TEs) in the two genomes

TEs are major components within most genomes and
have played important roles in driving plant genome
evolution [38]. We used de novo prediction and a homol-
ogy-based search to annotate repeat sequences within
the two genomes. We annotated more TEs in the A17
genome (205.5 Mb; 51.1%) than in the R108 genome
(187.7 Mb; 46.7%; Tables 1 and S6). This difference was
primarily caused by one TE known as Gypsy, which is a
long terminal repeat (LTR) retrotransposon (Table S6).
The two genomes were reciprocally compared with each
other to identify specific TE insertions. A total of 4,459
TE insertions affecting 256 genes were identified in the
A17 genome, while 4,346 TE insertions affecting 430
genes were identified in R108 (Table S7). Gene Ontology
(GO) enrichment analysis showed that TE-affected genes
in R108 were only enriched in nucleotide binding pro-
cesses, whereas nine GO terms, including activity-related

molecular functions and some metabolic processes, were
associated with the TE-affected genes in A17 (Table S8).

Comparative genomic analyses

To study the evolutionary distance between R108
and Al7, annotated genes from 11 species of the
Leguminosae family (i.e., Medicago sativa, Medicago
ruthenica, Trifolium pertense, Pisum sativum, Cicer
arietimum, Lotus japonicus, Glycine max, Phaseolus
vulgaris, Cajanus cajan, Arachis duranensis) and one
rosid species (Arabidopsis thaliana) were clustered
into gene families (Fig. S2). We identified 553 single-
copy homologous genes from these 13 genomes for
phylogenetic analysis. As expected, R108 displayed
the closest phylogenetic relationship with A17. Both
diverged from a common ancestor about 1.44 million
years ago (Ma, Fig. S2). The phylogenetic relation-
ships among these 13 species were the same as those
recovered by previous studies [39, 40]. By comparing
the gene families in other plant species (Table S9),
we detected 1,347 expanded and 2,701 contracted
gene families in R108. A total of 1,721 expanded and
2,254 contracted gene families were identified in the
A17 genome (Table S9). The contracted gene fami-
lies in R108 were mainly enriched in various bind-
ing functions and catabolic processes (Table S10).
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Fig. 1 An overview of the genomic features and SV map analyses of the R108 genome. A Gene density was calculated in 100 kb windows. B The
distribution of PAV density in R108 as determined using whole-genome alignment in 500 kb windows. C-F The distributions of the four types of SVs
based on short reads including deletions, insertions, inversions, and duplications in 500 kb windows. G Transposable element (TE) content in 100 kb
windows. H GC content in 100 kb windows
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Various ion binding functions such as phosphate Global comparisons and differences in chromatin

ion binding (GO0:0,042,301), magnesium ion bind- organization between the R108 and A17 genomes

ing (GO:0,000,287), metal ion binding (GO:0,046,872) Except for chromosome 8, each chromosome in R108
and transition metal ion binding (GO:0,046,914) were  was shorter than its corresponding chromosome in A17
enriched in the expanded gene families (Table S11). (Fig. S3). With the improved R108 genome assembly,
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Fig. 2 Gene synteny and comparative compartmental analysis between A17 and R108. A Gene synteny between the A17 and R108 genomes. B
Compartment status in chromosomes 4 and 8 of the A17 and R108 genomes. The positive values in the first eigenvector represent compartment
A and the negative values represent compartment B. The colors represent inter-chromosomal reciprocal translocations. C Boxplot showing the
A/B compartment status of the translocation regions. D Bar graph showing compartmental status switches (i.e,, A to B, and B to A) across the eight
chromosomes in R108 using the compartmental status of the corresponding syntenic regions in A17 as a reference

syntenic analysis was performed. The syntenic blocks
revealed high chromosome-to-chromosome collinearity
between the two genomes (Fig. 2a, Fig. S4). Among all the
syntenic blocks, one-to-one syntenic blocks accounted
for 84% (361 Mb) of the A17 genome and 94% (378 Mb)
of the R108 genome (Fig. S5). These percentages are
much higher compared with those reported by a previous
study [33], in which only 280 Mb of syntenic regions in
the scaffold-level R108 assembly (R108 v1.0) were recov-
ered (Mt4.0). We also confirmed the inter-chromosomal
reciprocal translocation between chromosomes 4 and 8
and found a large inversion on chromosome 1 (Fig. 2a).

Based on our improved R108 genome assembly, the size
of the inter-chromosomal reciprocal translocation site
was comparable to that reported by Kaur et al. [34]. How-
ever, we identified more syntenic genes in this region
(Table S12).

To determine whether genomic rearrangements
(such as inversions, translocations, and PAVs) differen-
tially affected chromatin organization between the two
genomes, we used HiC data (A17 389 x, R108 124 x;
Table S1) to identify conserved A/B compartments
within each genome. Using the genomic compartment
of A17 as a reference, we found that 55.19% (217 Mb) of
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the total length of the syntenic regions in R108 have the
same compartment status as Al7. On the other hand,
64.92 (16.51%) and 112.27 Mb (28.30%) of the syntenic
regions in R108 exhibited A to B and B to A compart-
mental transitions, respectively (Fig. S6). The longest A
to B compartmental switch occurred on chromosome
1 (26.97 Mb), whereas the longest opposite switch was
found on chromosome 7 (31.54 Mb, Fig. 2d, Table S13).
We found nearly no A/B compartment switches on
chromosome 5 by comparing the two genomes (Fig. 2d,
Fig. S7), indicating that chromosome 5 was conserved
following the divergence of the two ecotypes. The results
showed that the inter-chromosomal reciprocal translo-
cation regions between chromosomes 4 and 8 exhibited
opposite compartment status (Fig. 2b and ¢, Fig. S7),
meaning that the translocation region on chromosome
4 in A17 is part of the A compartment and its syntenic
region on chromosome 8 in R108 is part of the B com-
partment. The other translocation also exhibited oppo-
site compartment status (i.e., B compartment in A17 vs.
A compartment in R108). Moreover, A compartments
comprised 50.88% and 61.07% of the regions containing
PAVs in A17 and R108, respectively (Fig. S8, Table S14),
indicating that large-scale insertions were biased towards
euchromatic regions.

SVs between the R108 and A17 genomes

After improving the R108 genome assembly, we detected
SVs between the two ecotypes using two approaches.
We first compared the A17 and R108 primary assem-
blies using whole-genome alignment to identify SVs in
R108. A total of 23,455 R108 genomic SVs were iden-
tified, with PAVs only accounting for 17.47% of the
SVs, and all the remaining SVs being repeat-mediated
(Fig. 3a, Table S15). Most SVs were detected in non-cod-
ing regions, while 0.6% of the SVs were present in exon
regions, which could have affected gene function and
led to phenotypic divergence between the two ecotypes
(Fig. 3b). The distribution of the PAVs across the eight
chromosomes was uneven (Fig. 1b), indicating that the
chromosomes changed more rapidly on the arms than at
the center, consistent with previous studies [41]. 18,604
genes were categorized as SV-high-impact genes (i.e.,
the SV is assumed to have a high or disruptive impact on
the protein by causing protein truncation, causing loss of
function, or triggering nonsense mediated decay; Fig. 3a,
Table S16) which were mainly enriched in “defense
response’, “response to biotic stimulus’, “interspecies
interaction between organisms’, “transition metal ion
binding” and some categories of activity-related molecu-
lar functions (Fig. 3¢).
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Next, we mapped an average of ~37 x Illumina reads
from 10 R108 individuals to the Al7 genome assem-
bly (Mt5.0). This generated 78,634 SVs which included
52,994 deletions, 10,901 insertions, 9,038 duplications,
and 5,701 inversions (Fig. S9, Table S17). The number of
SVs was significantly higher compared to those identi-
fied by mapping R108 genome resequencing data to an
earlier version of Al7 genome assembly (Mt3.5) [32].
While the two comparisons produced different types of
SVs (Fig. 3a, Fig. S9a), we could only compare the PAVs.
Although more than 95% of the PAVs inferred by the
whole-genome alignment were confirmed by the short-
read alignment analysis, many Illumina-based PAVs were
not identified during whole-genome alignment analysis
(Fig. S10). Genomic variation within the 10 R108 indi-
viduals may partly account for this discrepancy. The SVs
detected with short reads had a high impact on 39,245
genes (Table S16). The GO enrichment analysis sug-
gested that these highly impacted genes were related to
“response to stimulus’-associated biological processes
such as “interspecies interaction between organisms’,
“cellular response to stimulus” and “response to stimu-
lus and anion transport” (Fig. S9c). It should be noted
that the huge difference between whole-genome align-
ment and short reads in terms of the number of highly
impacted genes should be treated with caution, as these
highly impacted genes were computationally categorized.
Thus, these results should only be used for guidance in
future studies.

SVs in putative genes related to phenotypic variations
Although the two ecotypes have many different phe-
notypic traits, the relative contribution of SVs to these
variations was largely understudied. Previous studies sug-
gested that SVs in the genes (e.g.,, MtAACT and MtFRD3)
of these two ecotypes may account for their differential
responses to mineral nutrient deficiency and mineral tox-
icity [29, 32]. Previously detected SVs in MtAACT and
MtFRD3 were also discovered during our analysis. Fur-
thermore, the genes that were differentially expressed in
A17 and R108 under drought stress (e.g, MtZEP [42])
and iron deficiency (e.g, MtASCOI [32]) also contained
SVs (Fig. S11). Wang et al. [32] found that the YSL gene
was deleted in R108 compared to the A17 Mt3.5 assem-
bly, which could account for the lower accumulation of
iron in R108 compared to A17. Yet, our results suggested
that the copy number of YSL was identical between the
two ecotypes (Table S18). The large-scale SV resources
detected here will provide a foundation for further func-
tional and molecular research between A17 and R108.
One of the remarkable morphological differences
between A17 and R108 is their anthocyanin leaf mark-
ings (Fig. 4a). R108 has a yellow spot with a strong red
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border on the adaxial surface in the basal part of the leaf-
lets. By contrast, A17 has an enhanced, enlarged red bor-
der. A previous study showed that the anthocyanin leaf
spot marking on R108 is controlled by two antagonistic
MYB paralogs, RED HEART1 (RHI) and RH2 [18], and
both were categorized as highly-impacted-by-SV genes
based on our analysis. To further understand sequence
variation in these genes between A17 and R108, we iden-
tified the sequences of the two genes in both ecotypes
and compared their gene structures. Sequence alignment
showed that RHI and RH2 are highly conserved in both
the R2 and R3 domain regions of A17 and R108, respec-
tively. Major differences exist within their C-terminal
domains (CTD, Fig. 4b, Fig. S12). In the CTD of RHI,
there were three amino acid deletions in R108 that were
not present in A17. Even more variations were observed
in the CTD of RH2 (Fig. 4b). A previous study suggested
that CTD divergence results in the sub-functionalization
of RHI and RH2. Variation within the CTD of each gene
could have also played a role in the formation of different
anthocyanin leaf markings in A17 and R108. In addition,
large SVs were found in the first intron of RH2 and the
intergenic region between RHI and RH2 (Fig. 4c and d).
These SVs and the sequence variation in the CTD region
may contribute to differences in the anthocyanin leaf
markings in the two ecotypes.

SVs in putative genes related to nitrogen-fixing symbiosis
Interestingly, we found that the GO enrichment analyses
done on highly-impacted-by-SV genes identified using
whole-genome and short reads were both related to the
GO term “interspecies interaction between organisms”
(Fig. 3c, Fig. S9c). Most genes related to this GO term
belonged to the nodule-specific cysteine-rich (NCR)
family, which is only present in the inverted repeat lack-
ing clade (IRLC) of legumes. These genes regulate bacte-
roid differentiation and activity as positive regulators of
effective symbiosis [43, 44]. Only 20 NCR genes in R108
were identified using our gene annotation method, while
678 NCR genes were identified in A17 Mt5.0. Since NCR
genes are small secretory peptides (SPPs), most SPPs
may have not been identified by our pipeline, as it was
intended for gene discovery. To more effectively search
for NCR genes in R108, we used the 678 NCR genes in
Al17 as a query and combined the result with SPADA
software (Small Peptide Alignment Discovery Applica-
tion), which is proven to efficiently identify SPPs [45].
A total of 616 putative NCR genes were identified in the
R108 genome. The NCR genes had similar distribution
patterns along the chromosomes of the two genomes
(Fig. S13, Table S19), and 495 R108 NCRs were syntenic
with A17 (Fig. 5a, Table S20), reflecting the recent diver-
gence of the two ecotypes.



Li et al. BMC Plant Biology (2022) 22:77 Page 8 of 15
R108 Al7_RHI MANTS GVRKGAWTYEEDNCLKAY I LKHGVGKWHL IPERTGLNRCRKS CRLRWYNYLNP Y INRENFSKDEV 70
i RI108_RH I G L Ry R P e R L NRCRES CRERWYAYINPYINRENTSRREY 70
DLILRLHNLLGNRWS L IAGRLPGRTANDVKNYWNTIILRKKVESEAKEKKIKEKS NETMKAHEVIKPRP IT 140
DLILRLHNLLGNRWSL IAGRLPGRTANDVKNYWNT ) LRKKVESEAKEK - - -EKSNETMKAHEVIKPRPIT 37
LSSRSHFVHDSNKDRYVP I YQDDSSETMVPSQIGGDYASAVQPSLGNNVQTPCAMWS DS LWDMGSSEK1G 210
LSSRSHFVHDS NKDRYVP I YQDDSSETMVPSQIGGDYASAVQPS LGNNVQTP CAMWS DS LWDMGS SEK1G 207

D] DO IDSQPNLDNAP ILCLOSGCSSSQEGKYKLFKWL 207
IDSN- - CASDSQPNLDNAPILCLQSGCSSSQBGKYKLFKWL 5()()

1000 1200 1400 1600 1800 2000 2200 2400 (bp)
Chr7:15813808-16013808

0 300 600 900 1200 1500

1800 2100 2400 2700 (bp) 0

200 400 600 800

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 (Kb)
B RHI ' ‘ ' ' ' W RH2
a7 [ ¥ A Li WAL M
I .uul] 1 .I
K B RH2
R108

50 60 70 8 90 100 110 120 130 140 150 (Kb)

Chr7:14864485-15014485
Fig. 4 Gene variations within putative genes governing anthocyanin leaf markings in A17 and R108. A Differences in the anthocyanin leaf markings
between the two ecotypes. B Alignment of the protein sequences of the RHT and RH2 genes. Blue and orange underlines indicate the R2 repeat
domain (R2 domain) and R3 repeat domain (R3 domain), respectively. The green underline indicates the C-terminal domain (CTD). C VISTA sequence
conservation plot of the RHT and RH2 genes obtained by comparing A17 to R108. The gray area indicates a 100 bp deletion located within the first

0 10 20 30 40

intron of RH2. D Sequence conservation plot of the intergenic regions obtained by comparing the two genes

We then investigated the chromatin compartmental
status of the NCRs in both genomes. The results sug-
gested that 370 (60.06%) out of the 616 NCRs in R108
are in the A compartment and 239 (38.8%) are in the B
compartment. In Al7, by contrast, more NCRs (382,
56.34%) were in B compartment than in compartment A
(281, 41.44%) (Table S19; Table S20). Of the 495 syntenic
NCRs, 332 (67.07%) had the same compartment status
(Table S20).

For the 495 syntenic NCR genes (including 2 kb
of flanking regions), we further investigated the two
genomes for the presence of SVs and TE variations. We
found that 336 (67.9%) of them were affected by SVs. Of
these, 164 were affected by PAVs and 172 were affected
by repeat-mediated SVs (Table S20). For example, the
gene MtrG011731 in R108 that was otherwise syntenic
with the NCR gene MtNCR310 in A17 lacked the third
exon sequence. Four tandemly duplicated NCR genes
in R108 (MtrG019127, MtrG019129, MitrG019131,
and MtrG019132) were all syntenic with one NCR
gene (MtNCR213) in Al7 (Fig. 5b). We also found that

all NCR genes and their 2 kb flanking regions in both
genomes contained TEs, although the number of TEs in/
near each gene varied (Table S19; Table S20). Two-hun-
dred and eighty-two out of the 336 SV-affected syntenic
NCR genes co-occurred with TEs, accounting for 83.93%
of the total SV-affected NCRs (Table S20). Extensive dif-
ferences in the compartmental status, SV landscapes, and
TE variability in/near the NCR genes between the two
genomes could affect effective symbiosis, although this
claim needs further investigation.

Discussion

Medicago truncatula ecotype R108 is widely used in
functional genomic studies because of its short gen-
eration cycle, small genome size, self-fertility, and most
importantly, its much higher transformation efficiency
than Al7. Compared to Al7, though, whose genome
assembly has been improved several times, only one
chromosome-scale genome assembly exists for R108,
and this was published very recently [34]. This paucity
of information inhibits our understanding the genomic
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evolutionary history and genetic code underlying the
molecular biology of this model species. Here, we
improved the first assembly of R108 [33] by using more
Hi-C data (124 x) than Kaur et al. (48 x) [34]. The quality
of our newly assembled R108 genome is slightly higher
than the one generated by Kaur et al. [34], with more
annotated protein-coding genes and a higher BUSCO
value (Table S3). By visualizing syntenic regions between
A17 and R108, a high degree of collinearity and inter-
chromosomal reciprocal translocation between chromo-
somes 4 and 8 were confirmed. In addition, we detected
a large inversion on chromosome 1. The translocation
between chromosomes 4 and 8 and the large inversion

on chromosome 1 (Fig. 2a) have also been observed when
A17 was compared to M. truncatula ecotype A20 [46],
Medicago sativa [47], and Medicago ruthenica [40], indi-
cating that the inter-chromosomal rearrangements and
inversion occurred specifically in A17.

Chromatin organization plays an important role in the
regulation of gene expression. Previous studies focus-
ing on single organisms have often demonstrated cor-
relations among chromatin interactions, transcriptional
activities, and epigenetic modifications (e.g. [48],). By
comparing the genome-wide chromatin interactions and
organizational patterns of closely related pairs of crop
species (e.g,, cotton and Brassica) or model species (e.g.,
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Arabidopsis and poplar), recent studies have identified
changes in the 3D organization of their genomes, as well
as the potential role these changes play in evolutionary
and/or phenotypic divergence [37, 49-51]. In this study,
we compared chromatin organization in A17 and R108,
but only focused on the A/B compartments because
the resolution of our HiC data was low. We found that
chromatin organization between the two ecotypes was
substantially less conserved (66%; Fig. 2d) than that of
mammalian and cultivated crop species [50, 52], as well
as slightly lower than that of two closely related poplar
species (71.52%) [37]. Furthermore, our results sug-
gest that SVs affected chromatin organization in the two
ecotypes. For example, the syntenic translocation regions
on chromosomes 4 and 8 exhibited opposite compart-
ment status (Fig. 2b). The low level of conservation of
chromatin organization and the SV-affected chromatin
status change could result in different epigenetic modi-
fications and gene transcriptional activity in the two
ecotypes (e.g. [37],), thereby contributing to their pheno-
typic and adaptive divergence. Further studies integrating
high resolution HiC data with gene expression and DNA
methylation should be conducted to investigate the evo-
lution of chromatin organization and transcriptional reg-
ulation during the divergence of the two ecotypes.

SV constitutes a large proportion of genetic variation in
the genomes of eukaryotic organisms and can affect the
fitness of the organism [53]. Our analyses of SVs in indi-
vidual and bulked R108 genomes provide an overview of
the genomic landscape of SVs between A17 and R108.
The highly-impacted-by-SV genes are enriched in many
important biological processes and molecular functions
such as “defense response’, “oxidoreductase activity” and
“ADP binding” (Fig. 3, Fig. S9), which highlights their
importance in phenotypic divergence. For example, A17
and R108 differ in their responses to aluminum toxicity.
This may be associated with the partial deletion (316 bp)
of the second intron of the MtAACT gene (a putative
aluminum-activated citrate transporter) [32]. Similarly,
the high sensitivity of R108 to iron deficiency relative to
A17 may be related to a deletion in the intronic regions
of MtFRD3 (a gene responsible for loading iron chela-
tor citrate into xylem) and MtACOI [29]. A 370 bp dele-
tion in the intronic regions of MtZEP (which may lead
to the increase of ABA content and subsequent activa-
tion of drought-stress-regulated gene expression) may be
responsible for the enhanced drought tolerance of Al17
relative to R108 [42]. In all cases, the SVs (i.e., deletion/
insertion of intronic sequences) could lead to different
levels of gene expression in the two ecotypes [29, 32, 42],
resulting in phenotypic divergences.

Our further analysis of the sequence variation of RH1
and RH2 genes suggests that SVs may also affect the
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formation of different anthocyanin leaf markings in A17
and R108 (Fig. 4). These two genes have been suggested
to function antagonistically during the formation of
anthocyanin leaf markings in R108 [18], in which RH1 is
the central regulator and RH2 serves as a molecular rhe-
ostat to modulate RHI-mediated restricted anthocyanin
pigmentation. We found a 100 bp insertion in the first
intron of RH2 in R108 and several large SVs (~ 10-50 kb)
in the intergenic region between the two genes (Fig. 4c
and d). Disruption of RH2 leads to an enhanced red spot
in R108 that, visually, resembles the anthocyanin leaf
markings on A17 (Fig. 4a, [18]), implying that RH2 may
have no function in A17 or may function differently in
the two ecotypes. The roles of these two genes in antho-
cyanin leaf marking formation in A17 and the contribu-
tion of SVs to phenotypic divergence merit further study.

More interestingly, there were extensive differences
in the compartmental status, SV content, and TE varia-
tions among the NCR genes in the two genomes (Fig. 5,
Table S20). NCR genes are specifically found IRLC leg-
umes that produce indeterminate nodules with a per-
sistent meristem [43]. They are antimicrobial peptides
essential for terminal bacteroid differentiation during
nitrogen-fixing symbiosis [44, 54]. However, the num-
ber, size, and composition of NCR genes varies signifi-
cantly among the IRLC legumes (7 to~700), which has
a direct impact on the morphotype of their bacterial
partners [55]. In the A17 genome (Mt5.0), there are 678
annotated NCR genes [25]. This number is comparable
to the number of genes identified in the R108 genome
(616 NCR genes) during this study. Despite this, many
NCR genes were not orthologous between Al17 (183
NCR genes) and R108 (121 NCR genes). One hypothesis
suggests that, although NCR genes have a single origin,
they evolved separately in individual lineages, result-
ing in lineage-specific NCRs that lack orthologs [44,
55-57]. Orthologs can be found amongst closely related
species, but local gene duplications followed by diversi-
fication during the expansion of this gene family in M.
truncatula likely account for the variations in NCR genes
that were observed in these two ecotypes. Furthermore,
even though 495 NCR genes were orthologous between
the two genomes, extensive differences in compartmen-
tal status, SV content, and TE contents were detected
between these orthologs. Although most NCR genes are
highly expressed during nodule organogenesis and are
essential for symbiosis [44, 58], only a few genes (e.g,
NCR169, NCR211, NCR247, and NCRO055) [20, 55, 59]
have been functionally characterized to date. The func-
tions of most NCR genes are still largely unknown. A pre-
vious study found that some TEs in the vicinity (<2 kb) of
NCR genes are transcriptionally activated during nodule
development [60]. However, very few studies have been
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conducted to investigate the relative contributions of
SVs and TEs within NCR genes to symbiosis in different
ecotypes. Our results provide new genetic resources for
the future functional characterization of NCR genes.

Conclusions

In this study, we generated Hi-C data for two Medicago
truncatula ecotypes (A17 and R108). We also resolved
the published R108 genome assembly (v1.0) to chro-
mosomal-scale and characterized its chromatin organi-
zation. The results suggest that more than 44% of the
syntenic regions between the two genomes underwent
compartmental transitions. This was especially promi-
nent in the large, inter-chromosomal translocation
between chromosomes 4 and 8, indicating chromatin
organization was not well conserved. This could have
contributed to the phenotypic divergence of the two
ecotypes. The whole-genome landscapes of SVs between
A17 and R108 provides valuable genomic evidence for
the continued investigation of the genetic mechanisms
controlling various phenotypic traits in M. truncatula
such as their remarkably different anthocyanin leaf mark-
ings. We found extensive SV and TE variation within the
NCR genes in the two genomes. However, the contribu-
tion of these SVs and TEs to effective symbiosis are still
unknown. Further studies involving more ecotypes/spe-
cies, genomic sequencing technologies (e.g., strand-spe-
cific RNA-seq, and ribosome profiling), and functional
experiments should be employed to better understand
the functions of NCR genes.

Methods

Plant materials and Hi-C sequencing

We collected young, fresh leaves from the two M. trun-
catula ecotypes (Jemalong Al7 and R108) for use in
Hi-C sequencing. Seeds of both ecotypes were formally
identified and kindly provided by the Noble Research
Institute, Ardmore, OK, USA. The seeds were first
treated with concentrated sulfuric acid for 5 min, then
rinsed thoroughly with water. After chilling at 4°C for
2 days, the seeds were put in moist Petri dishes to ger-
minate at 25°C until the radicals were approximately
2 cm. Then seeds were sown into the soil and grown in
the greenhouse under the following controlled con-
ditions: 24 °C day/22 °C night temperatures with a
16 h-day/8 h-night photoperiod and 60 to 70% relative
humidity. Young leaves from two-week-old seedlings
were collected from each ecotype to create the Hi-C
libraries. For each library, the chromatin was fixed with
formaldehyde in the nucleus, and the cross-linked DNA
was digested using the restriction enzyme Mbol. The
sticky ends of these digested fragments were biotinylated
and re-ligated to form chimeric circles. The ligated DNA
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was sheared into 200-300 bp fragments and the Hi-C
libraries were sequenced using the Illumina HiSeq plat-
form. The voucher specimens for the two ecotypes (LA-
A17-1 and LA-R108-1) used for Hi-C sequencing were
deposited in Lanzhou University, China.

Chromosome-scale assembly of the R108 genome

and identification of genomic compartments

in both genomes using Hi-C data

A draft assembly of R108 (v1.0, scaffold-scale, BioProject
accession number: PRINA368719) was downloaded from
NCBI. The Hi-C data from R108 was first used to connect
the scaffolds to the eight chromosomes. The clean Hi-C
data were mapped to the draft genome using bwav. 0.7.17
[61]. Uniquely mapped Hi-C data were retained, clus-
tered, ordered, and placed onto the eight pseudochromo-
somes using LACHESIS [62]. A heat map depicting the
interaction matrix of the pseudochromosomes was plot-
ted with a resolution of 100 kb. The Hi-C data from both
ecotypes were also used to identify compartment regions
in the chromosomes using HiC-Pro [63]. For each chro-
mosome, we associated the positive eigenvalues of the
first eigenvector (PC1) with the A compartment and the
negative values with the B compartment.

Gene prediction and annotation

Repetitive sequences, including tandem repeats and
interspersed repeats (mostly TEs), were identified in the
R108 genome. Tandem repeats were annotated using
TRF v. 4.09 [64]. TEs were identified using a combination
of homology-based and de novo approaches at both the
protein and DNA level. At the DNA level, we first used
RepeatMasker v. 4.0.7 [65] to search for similar transpos-
able elements based on known repeats in the Repbase
database v. 20,181,026 [66]. Then, the RepeatModeler v.
1.0.11 package within RepeatMasker was used to build a
de novo repeat database which comprised a repeat con-
sensus database with classification information. Finally,
RepeatMasker was used to identify transposable ele-
ments using the de novo repeat database. At the pro-
tein level, the RepeatProteinMasker function within the
RepeatMasker package searched for repeats based on the
transposable element protein database. For this step, the
WU-BLASTX engine was used.

Three methods were used to predict protein-coding
genes: de novo predictions, homology-based predic-
tions, and transcriptome-based predictions. Augus-
tus v. 3.3.2 [67], GlimmerHMM v. 3.0.4 [68], Geneid
v. 1.4.5 [69] and Genscan [70] software were used to
make de novo predictions. For homology-based pre-
dictions, protein sequences from A. thaliana, G. max,
M. truncatula, P. vulgaris, P. sativum, T. pratense were
downloaded and aligned to the genome assembly
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using TBLASTN and a cutoff e value of le-5. The
homologous genomic sequences were aligned against
the matching proteins using GeneWise v. 2.4.1 [71]
for accurate splice alignments. We used publicly
available RNA-seq data from R108 (NCBI accession
number: SRP077692) for transcriptome-based predic-
tions. RNA-seq reads were assembled into transcripts
using Trinity v. 2.1.1 [72] with default parameters.
Ultimately, gene model evidence obtained from the
de novo, homolog-based and transcript-based predic-
tions were integrated using EvidenceModeler (EVM,
v1.1.1) [73], resulting in a non-redundant consen-
sus gene set. The completeness of the gene set was
assessed using BUSCO genes from the embryophyta_
0db10 lineage dataset. For non-coding RNA (ncRNA)
annotation, tRNA genes were identified using tRNA
scan-SE [74] with eukaryote parameters. BLAST [75]
was used to search the R108 genome assembly for
rRNA sequences with default parameters. miRNA
and snRNA sequences were identified based on
covariance models deposited in the Rfam [76] data-
base (release 13.0) using INFERNAL [77] software.
BUSCO [78] genes in the embryophyta_odb10 data
(n=1,375) were used to assess the completeness
and accuracy of the assembled R108 genome. Gene
functions were annotated by performing BLAST (e
valueZle-5) searches against four protein databases,
i.e., KEGG, NR, KOG and SwissProt. Uniprot and GO
annotations were assigned to each protein based on
the results of alignment. InterProScan v. 5.0 [79] was
used to annotate the functions of the protein-coding
genes.

Identification of genome-wide TE insertions

We used the same pipeline used for the R108 genome
to annotate repetitive elements in the most updated
A17 genome (Mt5.0; https://medicago.toulouse.inra.fr/
MtrunA17r5.0-ANR/). The two genomes were recip-
rocally compared with each other to identify specific
TE insertions in the A17 and R108 genomes. Genome
comparisons were performed using nucmer from the
MUMmer package [80] with the -mum and -noex-
tend parameters. We defined insertions as a gap length
of>1000 bp in the query genome and<100 bp in the
reference genome. If>80% of the inserted regions in
the query genome were annotated as TE sequences, the
insertion was defined as a TE insertion and the corre-
sponding alignment gap in the reference genome was
defined as a TE insertion site. If a TE insertion site was
in a genic region or a 500 bp flanking genic region, we
defined such genes as TE-affected genes in the query
genome. GO enrichment analysis was performed on
TE-affected genes using TBtools.
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Gene families and phylogenetic analysis

We used OrthoFinder v. 2.2.7 [81] to identify the ortholo-
gous groups among 11 Leguminosae species (M. sativa
(P1464715), M. ruthenica, T. pertense, P. sativum, C.
arietimum, L. japonicus, G. max, P. vulgaris, C. cajan,
A. duranensis), and one rosid species (A. thaliana). Sin-
gle-copy orthologous genes were then extracted from
the orthologous clustering results. The contracted and
expanded gene families in the 12 species were identified
using CAFE v. 3.0 [82] and subjected to GO enrichment
analysis. For phylogenetic analysis, we first used MAFFT
to perform multiple sequence alignment on the protein
sequences of single-copy orthologous genes. Then, the
protein sequence alignments were converted into codon
alignments. Second, regions with large differences or
poor alignment scores were deleted using Gblocks v. 0.91
[83]. Finally, we connected the codon alignment results
of all the single copy orthologs to form a supergene for
phylogenetic analysis. The phylogenetic tree was recon-
structed using RAXML v. 8.2.0 [84]. r8s v. 1.81 [85] was
used to calculate the average substitution rate along each
branch and the time of species divergence.

Genome comparison and identification of SVs

Syntenic blocks between the Al7 and R108 genomes
were identified using MCScanX with default param-
eters [86]. Whole-genome comparisons were performed
between the two genomes using the nucmer (nucmer
-maxmatch -1 100 -c 500) function from the MUMmer
package. Assemblytics [87] were used to call SVs based
on the output of nucmer. To predict the effects of the
SVs, a custom Python script [88] was used to reformat
the results from Assemblytics, and the effects were anno-
tated using SnpEff [89]. The SnpEff results were classified
based on the size and impact of the SVs on gene function.
These classifications included high, moderate, low, and
modifier. The genes categorized as highly-impacted-by-
SV genes were subjected to GO enrichment analysis.

We also used Illumina short reads to identify SVs in
R108. Illumina reads from 10 R108 individuals were
obtained on a HiSeqTM2000 sequencing platform in 150
pair-end (PE) mode. We mapped the [llumina PE reads of
the 10 individuals which corresponded to ~ 37 x coverage
of the A17 reference genome reference. The BWA-MEM
v.0.7.17 module was used to perform the alignment [90].
The resulting bam files were purged of PCR duplicates
[91]. SVs were then called using all the samples with
LUMPY v.0.2.13 [92] and DELLY v.0.7.7 software [93].
The SV calls from LUMPY and DELLY were merged
using SURVIVOR v.1.0.3 [94]. We only retained the SVs
that met the following three criteria: (1) had a minimum
of three PE reads or split reads supporting the given SV
event across all 10 samples; (2) had a minimum SV length
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of 50 bp and (3) passed the quality filters recommended
by LUMPY and DELLY (flag PASS). The effects of these
filtered SVs were evaluated as described above, and the
highly-impacted-by-SV genes were subjected to GO
enrichment analysis.

Identification of NCR genes and some genes associated
with phenotypic divergence

We performed SPADA [45] and BLASTn analyses on
all 678 NCR genes in Al7 as a query to identify NCR
genes in the R108 genome. The peptide sequences were
searched using the HMM profile of the Nodulin_late
domain (Pfam no. PF07127) available in an hmmscan
subprocess of HMMER 3.2.1 (http://hmmer.org/). We
merged all hits obtained from both analyses and removed
the redundant hits. The locations of all identified NCR
genes were marked on the eight chromosomes using
MapChart v. 2.32 software [95]. To identify putative
genes that may be involved in phenotypic divergence, we
searched their sequences using the BLASTp homology
search tool. All methods used above were performed in
accordance with the relevant guidelines and regulations
[96].

Abbreviations

M.: Medicago; T.. Trifolium; P: Pisum; C.. Cicer; L.: Lotus; G.: Glycine; P: Phaseolus;

C.: Cajanus; A. duranensis: Arachis duranensis; A.thaliana: Arabidopsis thaliana;
SV: Structural variant; SNP: Single nucleotide polymorphisms; Hi-C: High-
throughput chromosome conformation capture; BUSCO: Benchmarking
Universal Single-Copy Orthologs; TE: Transposable element; LTR: Long Terminal
Repeat; snRNA: Small nuclear RNA; tRNA: Transfer RNA; miRNA: MicroRNA;
rRNA: Ribosomal RNA; CDS: Coding Sequence; GO: Gene Ontology; KEGG:
Kyoto Encyclopedia of Genes and Genomes; NR: RefSeq non-redundant pro-
teins; KOG: Clusters of orthologous groups for eukaryotic complete genomes;
MYA: Million Year Ago; DEL: Deletions; INS: Insertions; DUP: Duplications; INV:
Inversions; CTD: C-terminal domain; IRLC: Inverted repeat lacking clade; NCR:
Nodule-specific cysteine-rich; CNS: Conserved non-coding sequences; SPADA:
Small Peptide Alignment Discovery Application.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03469-0.

Additional file 1.
Additional file 2.

Acknowledgements

We would like to thank the Big Data Computing Platform for Western Ecologi-
cal Environment and Regional Development and Supercomputing Center at
Lanzhou University for their support. The paper benefited greatly from the
comments received from two anonymous reviewers.

Authors’ contributions

G.PR conceived and designed the project. Ao.L. collected the materials,
assembled the genome, performed gene annotation, performed compara-
tive genomic analyses, and identified SVs with help from SW,, KJ.Q, H.YH,
AiL.and JLY. Ao.L.and G.PR wrote the manuscript. N.S. and J.QL. revised the
manuscript. All the authors read and approved the manuscript.

Page 13 of 15

Funding

This work was supported equally by the Second Tibetan Plateau Scientific
Expedition and Research (STEP) program (2019QZKK0502), the Science and
Technology Program of Gansu Province (20JR5RA302), and the Strategic Prior-
ity Research Program of the Chinese Academy of Sciences (XDA26030103),

as well as by the Fundamental Research Funds for the Central Universities
(Izujbky-2021-ct14) and the National Natural Science Foundation of China
(31971391).

Availability of data and materials

The Hi-C data from A17 and R108 and the genome resequencing reads from
the 10 R108 samples used in this study have been deposited in the NCBI
database under the BioProject ID PRINA771923.The final assembled genome
has been deposited in the National Genomics Data Center (https://bigd.big.ac.
cn/?lang=en) under the accession number GWHBFSB00000000. The genome
annotation information is available at https://github.com/liao20182018/medic
ago-truncatula-R108-genome. Lists of SVs detected in A17 and R108 based on
whole-genome alignment and R108 genome resequencing data are available
in the Dryad repository (https://doi.org/10.5061/dryad.bzkh189b7).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

IState Key Laboratory of Grassland Agro-Ecosystems, College of Ecol-

ogy, Lanzhou University, Lanzhou, China. 2Key Laboratory of Bio-Resource
and Eco-Environment of Ministry of Education & State Key Lab of Hydraulics
and Mountain River Engineering, College of Life Sciences, Sichuan University,
Chengdu, China.

Received: 29 October 2021 Accepted: 14 February 2022
Published online: 22 February 2022

References

1. ZhouY, Minio A, Massonnet M, Solares E, Lv Y, Beridze T, Cantu D, Gaut BS.
The population genetics of structural variants in grapevine domestica-
tion. Nat Plants. 2019;5(9):965-79.

2. Alonge M, Wang X, Benoit M, Soyk S, Pereira L, Zhang L, et al. Major
impacts of widespread structural variation on gene expression and crop
improvement in tomato. Cell. 2020;182(1):145-61.

3. JiaoY, Peluso P, ShiJ, Liang T, Stitzer MC, Wang B, et al. Improved
maize reference genome with single-molecule technologies. Nature.
2017;546(7659):524-7.

4. Van'THA, Campagne P, Rigden DJ, Yung CJ, Lingley J, Quail MA, Hall N,
Darby AC, Saccheri IJ. The industrial melanism mutation in British pep-
pered moths is a transposable element. Nature. 2016;534(7605):102-5.

5. Yang N, Xu XW, Wang RR, Peng WL, Cai L, Song JM, et al. Contributions of
Zea mays subspecies mexicana haplotypes to modern maize. Nat Com-
mun. 2017,8(1):1874.

6. Weischenfeldt J, Symmons O, Spitz F, Korbel JO. Phenotypic impact of
genomic structural variation: insights from and for human disease. Nat
Rev Genet. 2013;14(2):125-38.

7. Chaisson M, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, et al.
Multi-platform discovery of haplotype-resolved structural variation in
human genomes. Nat Commun. 2019;10(1):1784.

8. LiY, Roberts ND, Wala JA, Shapira O, Schumacher SE, Kumar K, et al. Pat-
terns of somatic structural variation in human cancer genomes. Nature.
2020;578(7793):112.


http://hmmer.org/
https://doi.org/10.1186/s12870-022-03469-0
https://doi.org/10.1186/s12870-022-03469-0
https://bigd.big.ac.cn/?lang=en
https://bigd.big.ac.cn/?lang=en
https://github.com/liao20182018/medicago-truncatula-R108-genome
https://github.com/liao20182018/medicago-truncatula-R108-genome
https://doi.org/10.5061/dryad.bzkh189b7

Li et al. BMC Plant Biology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2022) 22:77

Stefansson H, Rujescu D, Cichon S, Pietilainen OPH, Ingason A, Steinberg
S, et al. Large recurrent microdeletions associated with schizophrenia.
Nature. 2008;455(7210):232-61.

Guan J, XuY,YuY, Fu J, Ren F, Guo J, et al. Genome structure variation
analyses of peach reveal population dynamics and a 1.67 Mb causal
inversion for fruit shape. Genome Biol. 2021;22(1):13.

. Horiguchi G, Gonzalez N, Beemster GT, Inze D, Tsukaya H. Impact of

segmental chromosomal duplications on leaf size in the grandifolia-D
mutants of Arabidopsis thaliana. Plant J. 2009,60(1):122-33.

Saxena RK, Edwards D, Varshney RK. Structural variations in plant
genomes. Brief Funct Genomics. 2014;13(4):296-307.

Marroni F, Pinosio S, Morgante M. Structural variation and genome
complexity: is dispensable really dispensable? Curr Opin Plant Biol.
2014;18:31-6.

Weissensteiner MH, Bunikis |, Catalan A, Francoijs KJ, Knief U, Heim W,

et al. Discovery and population genomics of structural variation in a
songbird genus. Nat Commun. 2020;11(1):3403.

HeY, Luo X, Zhou B, Hu T, Meng X, Audano PA, et al. Long-read assembly
of the Chinese rhesus macaque genome and identification of ape-
specific structural variants. Nat Commun. 2019;10(1):4233.

Fuentes RR, Chebotarov D, Duitama J, Smith S, De la Hoz JF, Mohiyud-
din M, et al. Structural variants in 3000 rice genomes. Genome Res.
2019;29(5):870-80.

Sun S, Zhou'Y, Chen J, Shi J, Zhao H, Zhao H, et al. Extensive intraspecific
gene order and gene structural variations between Mo17 and other
maize genomes. Nat Genet. 2018;50(9):1289-95.

Wang C, JiW, LiuY, Zhou P, Meng Y, Zhang P, et al. The antagonistic MYB
paralogs RH1 and RH2 govern anthocyanin leaf markings in Medicago
truncatula. New Phytol. 2021;229(6):3330-44.

He L, LiuY, He H, Liu Y, Qi J, Zhang X, et al. A molecular framework under-
lying the compound leaf pattern of Medicago truncatula. Nat Plants.
2020,6(5):511-21.

Kim M, ChenY, Xi J, Waters C, Chen R, Wang D. An antimicrobial peptide
essential for bacterial survival in the nitrogen-fixing symbiosis. Proc Natl
Acad Sci U S A.2015;112(49):15238-43.

Salzer P, Feddermann N, Wiemken A, Boller T, Staehelin C. Sinorhizobium
meliloti-induced chitinase gene expression in Medicago truncatula
ecotype R108-1: a comparison between symbiosis-specific class V and
defence-related class IV chitinases. Planta. 2004,219(4):626-38.

Young ND, Debelle F, Oldroyd GE, Geurts R, Cannon SB, Udvardi MK, et al.
The Medicago genome provides insight into the evolution of rhizobial
symbioses. Nature. 2011;480(7378):520-4.

Branca A, Paape TD, Zhou P, Briskine R, Farmer AD, Mudge J, et al. Whole-
genome nucleotide diversity, recombination, and linkage disequilibrium
in the model legume Medicago truncatula. Proc Natl Acad Sci U S A.
2011;108(42):E864-70.

Tadege M, Wen J, He J, Tu H, Kwak Y, Eschstruth A, et al. Large-scale inser-
tional mutagenesis using the Tnt1 retrotransposon in the model legume
Medicago truncatula. Plant J. 2008;54(2):335-47.

Pecrix Y, Staton SE, Sallet E, Lelandais-Briere C, Moreau S, Carrere S, et al.
Whole-genome landscape of Medicago truncatula symbiotic genes. Nat
Plants. 2018;4(12):1017-25.

Tang H, Krishnakumar V, Bidwell S, Rosen B, Chan A, Zhou S, et al. An
improved genome release (version Mt4.0) for the model legume Med-
icago truncatula. BMC Genomics. 2014;15:312.

Hoffmann B, Trinh TH, Leung J, Kondorosi A, Kondorosi E. A new Med-
icago truncatula line with superior in vitro regeneration, transformation,
and symbiotic properties isolated through cell culture selection. Mol
Plant Microbe in. 1997;10(3):307-15.

Veerappan V, Kadel K, Alexis N, Scott A, Kryvoruchko 1, Sinharoy S, Taylor
M, Udvardi M, Dickstein R. Keel petal incision: a simple and efficient
method for genetic crossing in Medicago truncatula. Plant Methods.
2014;10:11.

Li G, Wang B, Tian Q, Wang T, Zhang WH. Medicago truncatula ecotypes

A17 and R108 differed in their response to iron deficiency. J Plant Physiol.

2014;171(8):639-47.

de Lorenzo L, Merchan F, Blanchet S, Megias M, Frugier F, Crespi M,
Sousa C. Differential expression of the TFIIIA regulatory pathway in
response to salt stress between Medicago truncatula genotypes. Plant
Physiol. 2007;145(4):1521-32.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 14 of 15

Gaige AR, Doerksen T, Shuai B. Medicago truncatula ecotypes A17 and
R108 show variations in jasmonic acid/ethylene induced resistance to
Macrophomina phaseolina. Can J Plant Pathol. 2012;34(1):98-103.
Wang T, Tian Q Wang B, Zhao M, Zhang W. Genome variations account
for different response to three mineral elements between Med-

icago truncatula ecotypes Jemalong A17 and R108. BMC Plant Biol.
2014,14:1-11.

Moll KM, Zhou P, Ramaraj T, Fajardo D, Devitt NP, Sadowsky MJ, et al.
Strategies for optimizing BioNano and Dovetail explored through a
second reference quality assembly for the legume model, Medicago
truncatula. BMC Genomics. 2017;18(1):578.

Kaur P, Lui C, Dudchenko O, Nandety RS, Hurgobin B, Pham M, Lieber-
man AE, Wen J, Mysore K. Delineating the Tnt1 insertion landscape of
the model legume Medicago truncatula cv. R108 at the Hi-C resolu-
tion using a chromosome-length genome assembly. Int J Mol Sci.
2021;22(9):4326.

Zhou P, Silverstein KA, Ramaraj T, Guhlin J, Denny R, Liu J, et al. Explor-
ing structural variation and gene family architecture with De Novo
assemblies of 15 Medicago genomes. BMC Genomics. 2017;18(1):261.
Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chromosome
conformation. Science. 2002;295(5558):1306-11.

Zhang L, Zhao J, Bi H, Yang X, Zhang Z, Su'Y, et al. Bioinformatic analysis
of chromatin organization and biased expression of duplicated genes
between two poplars with a common whole-genome duplication.
Hortic Res. 2021;8(1):62.

Feschotte C, Jiang N, Wessler SR. Plant transposable elements: where
genetics meets genomics. Nat Rev Genet. 2002;3(5):329-41.

Kreplak J, Madoui MA, Capal P, Novak P, Labadie K, Aubert G, et al.

A reference genome for pea provides insight into legume genome
evolution. Nat Genet. 2019;51(9):1411-22.

Yin M, Zhang S, Du X, Mateo RG, Guo W, Li A, et al. Genomic analysis
of Medicago ruthenica provides insights into its tolerance to abiotic
stress and demographic history. Mol Ecol Resour. 2021;21(5):1641-57.

. Kim C, Kim J, Kim S, Cook DE, Evans KS, Andersen EC, Lee J. Long-read

sequencing reveals intra-species tolerance of substantial structural
variations and new subtelomere formation in C elegans. Genome Res.
2019;29(6):1023-35.

Luo SS, Sun YN, Zhou X, Zhu T, Zhu LS, Arfan M, Zou LJ, Lin HH.
Medicago truncatula genotypes Jemalong A17 and R108 show
contrasting variations under drought stress. Plant Physiol Biochem.
2016;109:190-8.

Van de Velde W, Zehirov G, Szatmari A, Debreczeny M, Ishihara H, Kevei Z,
et al. Plant peptides govern terminal differentiation of bacteria in symbio-
sis. Science. 2010;327(5969):1122-6.

Roy P, Achom M, Wilkinson H, Lagunas B, Gifford ML. Symbiotic outcome
modified by the diversification from 7 to over 700 nodule-specific
cysteine-rich peptides. Genes. 2020;11(4):348.

Zhou P, Silverstein KA, Gao L, Walton JD, Nallu S, Guhlin J, Young ND.
Detecting small plant peptides using SPADA (Small Peptide Alignment
Discovery Application). BMC Bioinformatics. 2013;14:335.

Cannon SB, Crow JA, Heuer ML, Wang X, Cannon EK, Dwan C, et al. Data-
bases and information integration for the Medicago truncatula genome
and transcriptome. Plant Physiol. 2005;138(1):38-46.

Li A, Liu A, Du X, Chen JY, Yin M, Hu HY, et al. A chromosome-scale
genome assembly of a diploid alfalfa, the progenitor of autotetraploid
alfalfa. Hortic Res. 2020;7(1):194.

Dong Q, Li N, Li X, Yuan Z, Xie D, Wang X, et al. Genome-wide Hi-C analy-
sis reveals extensive hierarchical chromatin interactions in rice. Plant J.
2018;94(6):1141-56.

Zhang H, Zheng R, Wang Y, Zhang Y, Hong P, Fang Y, Li G, Fang Y.

The effects of Arabidopsis genome duplication on the chroma-

tin organization and transcriptional regulation. Nucleic Acids Res.
2019;47(15):7857-69.

Wang M, Wang P, Lin M, Ye Z, Li G, Tu L, et al. Evolutionary dynamics of
3D genome architecture following polyploidization in cotton. Nat Plants.
2018;4(2):90-7.

Xie T, Zhang FG, Zhang HY, Wang XT, Hu JH, Wu XM. Biased gene
retention during diploidization in Brassica linked to three-dimensional
genome organization. Nat Plants. 2019;5(8):822-32.



Li et al. BMC Plant Biology (2022) 22:77

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

Vietri RM, Barrington C, Henderson S, Ernst C, Odom DT, Tanay A, Hadjur S.
Comparative Hi-C reveals that CTCF underlies evolution of chromosomal
domain architecture. Cell Rep. 2015;10(8):1297-309.

Ho SS, Urban AE, Mills RE. Structural variation in the sequencing era. Nat
Rev Genet. 2020;21(3):171-89.

Wang Q, Yang S, Liu J, Terecskei K, Abraham E, Gombar A, et al. Host-
secreted antimicrobial peptide enforces symbiotic selectivity in Med-
icago truncatula. Proc Natl Acad Sci U S A. 2017;114(26):6854-9.

Montiel J, Downie JA, Farkas A, Bihari P, Herczeg R, Balint B, Mergaert P,
Kereszt A, Kondorosi E. Morphotype of bacteroids in different legumes
correlates with the number and type of symbiotic NCR peptides. Proc
Natl Acad Sci U S A. 2017;114(19):5041-6.

Mergaert P, Nikovics K, Kelemen Z, Maunoury N, Vaubert D, Kondorosi A,
Kondorosi E. A novel family in Medicago truncatula consisting of more
than 300 nodule-specific genes coding for small, secreted polypeptides
with conserved cysteine motifs. Plant Physiol. 2003;132(1):161-73.
Czernic P, Gully D, Cartieaux F, Moulin L, Guefrachi |, Patrel D, et al.
Convergent evolution of endosymbiont differentiation in dalbergioid
and inverted repeat-lacking clade legumes mediated by nodule-specific
cysteine-rich peptides. Plant Physiol. 2015;169(2):1254-65.

Guefrachi I, Nagymihaly M, Pislariu Cl, Van de Velde W, Ratet P, Mars M,

et al. Extreme specificity of NCR gene expression in Medicago truncatula.
BMC Genomics. 2014;15:712.

Horvath B, Domonkos A, Kereszt A, Szucs A, Abraham E, Ayaydin F, et al.
Loss of the nodule-specific cysteine rich peptide, NCR169, abolishes
symbiotic nitrogen fixation in the Medicago truncatula dnf7 mutant. Proc
Natl Acad SciU S A. 2015;112(49):15232-7.

Satge C, Moreau S, Sallet E, Lefort G, Auriac MC, Rembliere C, et al.
Reprogramming of DNA methylation is critical for nodule development
in Medicago truncatula. Nat Plants. 2016;2(11):16166.

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics. 2010;26(5):589-95.

Burton JN, Adey A, Patwardhan RP, Qiu R, Kitzman JO, Shendure J.
Chromosome-scale scaffolding of de novo genome assemblies based on
chromatin interactions. Nat Biotechnol. 2013;31(12):1119-25.

Servant N, Varoquaux N, Lajoie BR, Viara E, Chen CJ, Vert JP, Heard E, Dek-
ker J, Barillot E. HiC-Pro: an optimized and flexible pipeline for Hi-C data
processing. Genome Biol. 2015;16:259.

Benson G. Tandem repeats finder: a program to analyze DNA sequences.
Nucleic Acids Res. 1999:27(2):573-80.

Tempel S. Using and understanding RepeatMasker. Methods Mol Biol.
2012;859:29-51.

Jurka J, Kapitonov VWV, Pavlicek A, Klonowski P, Kohany O, Walichiewicz J.
Repbase Update, a database of eukaryotic repetitive elements. Cytogenet
Genome Res. 2005;110(1-4):462-7.

Stanke M, Keller O, Gunduz I, Hayes A, Waack S, Morgenstern B. AUGUS-
TUS: ab initio prediction of alternative transcripts. Nucleic Acids Res.
2006;34:W435-9.

Majoros WH, Pertea M, Salzberg SL. TigrScan and GlimmerHMM:

two open source ab initio eukaryotic gene-finders. Bioinformatics.
2004;20(16):2878-9.

Alioto T, Blanco E, Parra G, Guigo R. Using geneid to identify genes. Curr
Protoc Bioinformatics. 2018;64(1):e56.

Salamov AA, Solovyev V. Ab initio gene finding in Drosophila genomic
DNA. Genome Res. 2000;10(4):516-22.

Birney E, Clamp M, Durbin R. GeneWise and Genomewise. Genome Res.
2004;14(5):988-95.

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J,

et al. De novo transcript sequence reconstruction from RNA-seq using
the Trinity platform for reference generation and analysis. Nat Protoc.
2013;8(8):1494-512.

Haas BJ, Salzberg SL, Zhu W, Pertea M, Allen JE, Orvis J, White O, Buell CR,
Wortman JR. Automated eukaryotic gene structure annotation using
EVidenceModeler and the Program to Assemble Spliced Alignments.
Genome Biol. 2008;9(1):R7.

Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detec-

tion of transfer RNA genes in genomic sequence. Nucleic Acids Res.
1997,25(5):955-64.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL. BLAST+: architecture and applications. BMC Bioinformatics.
2009;10:421.

Page 15 of 15

76. Kalvaril, Argasinska J, Quinones-Olvera N, Nawrocki EP, Rivas E, Eddy
SR, Bateman A, Finn RD, Petrov Al. Rfam 13.0: shifting to a genome-
centric resource for non-coding RNA families. Nucleic Acids Res.
2018,46(D1):D335-42.

77. Nawrocki EP, Eddy SR. Infernal 1.1: 100-fold faster RNA homology
searches. Bioinformatics. 2013;29(22):2933-5.

78. Simao FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM.
BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinformatics. 2015;31(19):3210-2.

79. Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics.
2014,30(9):1236-40.

80. Marcais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, Zimin A.
MUMmer4: A fast and versatile genome alignment system. Plos Comput
Biol. 2018;14(1):21005944.

81. Emms DM, Kelly S. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference
accuracy. Genome Biol. 2015;16:157.

82. Han MV, Thomas GW, Lugo-Martinez J, Hahn MW. Estimating gene gain
and loss rates in the presence of error in genome assembly and annota-
tion using CAFE 3. Mol Biol Evol. 2013;30(8):1987-97.

83. Talavera G, Castresana J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence align-
ments. Syst Biol. 2007;56(4):564-77.

84. Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics. 2014;30(9):1312-3.

85. Sanderson MJ. r8s: inferring absolute rates of molecular evolution and
divergence times in the absence of a molecular clock. Bioinformatics.
2003;19(2):301-2.

86. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit
for detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012;40(7):e49.

87. Nattestad M, Schatz MC. Assemblytics: a web analytics tool for the detec-
tion of variants from an assembly. Bioinformatics. 2016;32(19):3021-3.

88. Xie M, Chung CY, Li MW, Wong FL, Wang X, Liu A, et al. A reference-grade
wild soybean genome. Nat Commun. 2019;10(1):1216.

89. Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, Land SJ, Lu X,
Ruden DM. A program for annotating and predicting the effects of single
nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila
melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012;6(2):80-92.

90. LiH, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754-60.

91. ZhouY, Massonnet M, Sanjak JS, Cantu D, Gaut BS. Evolutionary genomics
of grape (Vitis vinifera ssp. vinifera) domestication. Proc Natl Acad Sci U S
A.2017;114(44):11715-20.

92. Layer RM, Chiang C, Quinlan AR, Hall IM. LUMPY: a probabilistic frame-
work for structural variant discovery. Genome Biol. 2014;15(6):R84.

93. RauschT, ZichnerT, Schlattl A, Stutz AM, Benes V, Korbel JO. DELLY: struc-
tural variant discovery by integrated paired-end and split-read analysis.
Bioinformatics. 2012;28(18):i333-9.

94. Jeffares DC, Jolly C, Hoti M, Speed D, Shaw L, Rallis C, et al. Transient struc-
tural variations have strong effects on quantitative traits and reproductive
isolation in fission yeast. Nat Commun. 2017;8:14061.

95. Voorrips RE. MapChart: Software for the graphical presentation of linkage
maps and QTLs. J Hered. 2002;93(1):77-8.

96. Sun L, Gill US, Nandety RS, Kwon S, Mehta P, Dickstein R, Udvardi MK,
Mysore KS, Wen J. Genome-wide analysis of flanking sequences reveals
that Tnt1 insertion is positively correlated with gene methylation in
Medicago truncatula. Plant J. 2019;98(6):1106-19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Comparison of structural variants in the whole genome sequences of two Medicago truncatula ecotypes: Jemalong A17 and R108
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	An improved R108 genome assembly
	Annotation and comparison of the transposable elements (TEs) in the two genomes
	Comparative genomic analyses
	Global comparisons and differences in chromatin organization between the R108 and A17 genomes
	SVs between the R108 and A17 genomes
	SVs in putative genes related to phenotypic variations
	SVs in putative genes related to nitrogen-fixing symbiosis

	Discussion
	Conclusions
	Methods
	Plant materials and Hi-C sequencing
	Chromosome-scale assembly of the R108 genome and identification of genomic compartments in both genomes using Hi-C data
	Gene prediction and annotation
	Identification of genome-wide TE insertions
	Gene families and phylogenetic analysis
	Genome comparison and identification of SVs
	Identification of NCR genes and some genes associated with phenotypic divergence

	Acknowledgements
	References


